Abstract-In this paper, Cramer-Rao lower bounds are derived 4
Index Terms-Ultra-wideband (UWB), impulse radio (IR), the Fourier transform and motions filters for estimation of Cramer-Rao lower bound (CRLB), least-squares (LS) estimation. respiration and heartbeat rates.
In high-speed data transmission, but also result in high time derive Cramer-Rao lower bounds (CRLBs) for joint estimation which important for accurate ranging and location of respiration and heartbeat parameters, and propose an asympresolution, which important for accurate ranging and location totically optimal estimator (under certain conditions), which estimation [2] . Commonly, impulse radio (IR) systems, which is composed of time-delay and least-squares (LS) estimators.
transmit very short duration pulses with a low duty cycle, are We numerically evaluate the CRLBs for practical systems, and employed to implement UWB systems [3] . In an IR communi-.
. 
are investigated. The channel characteristics for the signals k=O refilectilng fromn a humanar chest are studied in [6] , which also where N is the number of bursts, Ts is the burst period, and preselnts an algorithmL for respiration rate estimnatioln. Inr [8] , w(t) is a burst of pulses, which consists of Alt pulses and is t) The authors are with the Department of Electrical and Electronics 1Since reflections from a heart are much weaker than those from a human Engineering, BilLkent University, BilLkent, Ankara TR-06800, Turkey, emlail: chest, the respiration rate estimation problem can omlit the signalLs reflecting {gezici oarikan} @eehbilkent.edu.tr from the heart; hence, it can he studied in the framework proposed in [7] . The burst of pulses in (I) is aimed at an object being which has K (=S K+K2+2) components. Let fxA(t) represent monitored and reflections are collected by a receiver. Pulses the received signal in the absence of noise; i.e., r(t) = r;X(t) + in each burst are employed to obtain a reliable channel profile oTn(t). Then, the log-likelihood function of A can be expressed (i.e., to improve signal-to-noise ratio (SNR)), and comparison as [7] of channel profiles obtained from consecutive bursts is used to 1 T estimate certain parameters of the object in the environment.
In this paper, it is assumed that the received signal consists 0 of two signal components (reflections), one due to respiration where c denotes a constant independent of A, and T -NT and the other due to heartbeat, and additive white Gaussian is the observaion intterval.
noise; i.e., Considering real signals, the ML solution can be obtained
. (2); i.e.,
and £= R(0).
for i = 1, ..., IKI, J111 is a K2x 2matrix given by Then, the CRLB for the covariance of an unbiased estimate^N of A can be expressed as [12] [ia1il aohE v &hk(Oi)
where B > C means that B C is positive semi-definite.
[ [5] , the round trip delay difference between the signal gk(Ob) > A2 Vk such that R(x) = 0 for x > A2, then components reflecting from the skin and the heart is predicted lb, = Ih, = 0. In that case, (22) reduces to (16) of Case-i.
to be around 1.7 ns based on narrowband models. If the result In other words, under the stated condition, the knowledge of is close to this value for UWB signals, the bound in (17) Fig. 2 . A two-step suboptimal solution for joint estimation of respiration rk(t)aiW(t -5i) oTIk(t), (24) and he beat rates. 1
for t E [0, T §], where nk(t) is zero mean white Gaussian noise space, which has prohibitive complexity for practical imple-with unit spectral density, and 6i's are the time-delays to be mentations.
estimated.
Due to the complexity of the ML estimnator inL (7), a two-
The ML estimation of the multipath delays can be obtained step suboptimal estimator, as shown in Figure 2, be observed that for small number of bursts and K1 > K2, From (27) and (28), the following result can be obtained. the complexity of the proposed algorithm is dominated by the Note that the noise components for different bursts are insearch over a K1 dimensional space, whereas the complexity dependent since they are affected from independent noise of the ML algorithm in (7) is determined by the search over realizations. a (K1 + K2) dimensional space.
Proposition 1: Consider a set of time-delay measurements czn (27) and (28) estimatiol of the channel coefficients SNR (dB) Since the estimates for the channel coefficients will include Fig. 4 . CRLBs for he beat rate estimation for Case-I and Case-2. error is practice, the proposed algorith cannlot achieve the CRLB in reality. HEowever, for small estimation errors, the ns, Ab =6.67 x 10-11 s, Ah =1.667 x 10-11 s, (b3= J performaoce will still be quite close to the optimal under the 0, b 21,°h 0.0015 an.d N = 500. From. the figures, conditions stated in Lemra l and Proposition 1.
it is observed that the CRLBs for Case-I and Case-2 match very closely for all SNR and TN values, since the time-delay V. SIMULATION RESULTS difference between the respiration and heartbeat components Ince this sestion, numerical studies aned simulationlls are per-is larger than 1 ns. In addition, the accuracyinacreases as the formed to evaluate the CRLB expressions derived in Section pulse width is decreased, which is expected sihce higher time III, and to investigate the performance of the proposed esti-resolution results in better localization of the object. Also, it is mator in Section IV.
observed that higher SNRs5 are needed for reliable heartbeat Consider a system that uses the Gaussian mono-cycle p(t) rate estimation than thoseaneeded for reliable respiration rate )n th section estimation, which is due to theaddition,al loss (about 28 dB) (irmd4to evaluat /h E wexressios usrivedto a stitcaused by the propagaodn of the siegnal from the skhin to the energy o thne pulsein the simulatons, aon t determiones throe heart aonrd back to the skin [5] . pulse widethioT 2V.
[15erd].
In Figu 5 Figure 3 and 4, the CRLB expressions in (1L6) ad (22) 13-18, Jan. 2002. shown).
[6] Y. Chen, E. Gunawan, K. S. Low, Y. Kim, C. B. Soh, A. R. Leyman and L. L. Thi, "Non-invasive respiration rate estimation using ultraFinally, Figure 6 compares the performance of the subopti- 
